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Background: The enzyme 6-phospho-l3-galactosidase 
hydrolyzes phospholactose, the product of a phospho-
enolpyruvate-dependent phosphotransferase system. It 
belongs to glycosidase family 1 and no structure has yet 
been published for a member of this family. 
Results: The crystal structure of 6-phospho-l3-galactosi-
dase was determined at 2.3 A resolution by multiple iso-
morphous replacement, using the wild-type enzyme and 
a designed cysteine mutant. A second crystal form, found 
with the mutant enzyme, was solved by molecular 
replacement, yielding the conformation of two chain 
loops that are invisible in the first crystal form. The active 
center, located through catalytic residues identified in 
previous studies, cannot be accessed by the substrate if the 
two loops are in their defined conformation. The enzyme 
contains a (l3a)s barrel and the relationship of its chain 
fold to that of other glycosidases has been quantified. As a 
side issue, we observed that a cysteine point mutant 
designed for X-ray analysis crystallized mainly as a sym-
metric dimer around an intermolecular disulfide bridge 
formed by the newly introduced cysteine. 
Conclusions: The presented analysis provides a basis on 
which to model all other family 1 members and thereby 
will help in elucidating the catalytic mechanism of these 
sequence-related enzymes. Moreover, this enzyme 
belongs to a superfamily of glycosidases sharing a 
(l3a)s barrel with catalytic glutamates/aspartates at the 
ends of the fourth and the seventh strands of the 13 barrel. 
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Introduction 
The hydrolysis of any disaccharide to its respective mono-
saccharides requires a specific glycosyl hydrolase catalyst. 
The monosaccharides are then further degraded to triose 
phosphates. In Escherichia coli, for example, the disaccha-
ride lactose is transported, by lactose permease, across the 
inner membrane and split by (3-galactosidase into glucose 
and galactose inside the cell. In contrast, homofermenta-
tive bacteria such as LActobadlli, LActococd and Staphylococd, 
incorporate lactose by a phosphoenolpyruvate-dependent 
phosphotransferase system [1,2]. Phosphorylated lactose is 
accumulated, and then hydrolyzed to galactose-6-
phosphate and glucose by 6-phospho-(3-galactosidase 
(PGALase; EC 3.2.1.85). Galactose-6-phosphate is then 
metabolized to triose phosphates along the tagatose path-
way [3], and the glucose is degraded via glycolysis. 
PGALase was first discovered in Staphylococcus aureus [4] 
and the same catalytic activity was later demonstrated in 
LActococd and LActobadlli [5]. 
. Glycosidases have been classified into over 45 families on 
the basis of amino acid sequence similarities [6,7]. 
PGALase was assigned to family 1, which comprises 
glycosidases from organisms as far apart as archaea and 
man. All glycosidases contain two catalytic residues that 
act as a general acid/base or as a nucleophile/leaving 
group in the reaction mechanism. In the family 1 mem-
ber (3-glucosidase from Agrobacterium sp., the active-site 
·Corresponding author. 
nucleophile has been identified, using 2-deoxy-2-fluoro-
glucosides, as Glu358 which lies in a family-specific 
sequence motif [8]. The equivalent residue in the 
PGALases from LActococcus lactis and S. aureus is Glu375 
[9], and therefore this is assumed to mark the catalytic 
center in the L. lactis structure reported here. 
Despite several reports of the crystallization of family 1 
glycosidases, including enzymes from Sulfolobus solfatari-
cus [10], Trifolium repens [11] and Bacillus polymyxa (12], 
so far no spatial structure of a family 1 member has been 
published. Here, we present the structure of PGALase 
from L. lactis at 2.3 A resolution, identify its active cen-
ter, indicate two peptide loops that are likely to move 
away from the bulk polypeptide in order to allow for 
substrate binding, and finally relate its chain fold to those 
of other glycosidases. 
Results and discussion 
Structure elucidation 
The heavy-atom derivative search with form A crystals of 
the wild-type enzyme resulted in only one useful data set 
(Table 1). A second derivative could only be produced 
after one of the mutants, Ser256~Cys, yielded some 
form A crystals, and after one of these crystals was 
derivatized and used to collect a second derivative data 
set. The resulting multiple isomorphous replacement 
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Table 1. Multiple isomorphous replacement phases in crystal 
form A. 
Number of crystals 
Resolution (A) 
Completeness (%) 
Rsym· 
Rjsot 
Number of sites 
x/y/z; relative 
occupancy 
Wild type 
soaked with 
HgCI2 
1 
3.0 
91.9 
8.4 
19.0 
2 
0.14/0.25/0.15; 77 
0.57/0.24/0.00; 72 
Phasing power overall 
Phasing power (to 6 A) 0.99 1.5 
Mutant Ser256--+Cys 
soaked with 
lead tartrate 
1 
3.2 
79.2 
7.8 
13.8 
3 
0.11/0.31/0.58; 49 
0.24/0.02/0.71; 17 
0.88/0.18/0.49; 18 
0.65 
1.6 
·R sym=IhIj Il(h)j-<l(h» l/IhIjl(h)j' t R,so=2 ·II F der-F natl/ 
IIF der+F nat I. The native data set is described in Table 2. 
(MIR) electron-density map at 3.0 A resolution was 
largely uninterpretable even after an improvement by 
solvent-flattening and density modification. It did, how-
ever, show some helices that could then be used for find-
ing the rotation/translation between the two asymmetric 
molecules in form A (Table 2), which eventually allowed 
us to average the 3.0 A resolution map over both 
molecules. The averaged density was sufficiently clear to 
place the polypeptide chain unambiguously. In a subse-
quent simulated annealing refinement, the resolution was 
increased to the limit value of 2.3 A for this crystal form 
(Table 2). Both molecules of this model contain two 
loops that cannot be modeled as there is no density. 
These loops comprise residues 315-324 (316-323 in 
molecule II) and 342-346 (for both molecules). 
Using the molecule I model of crystal form A, the struc-
ture of crystal form B, containing only one molecule in 
the crystallographic asymmetric unit and found exclu-
sively with mutant Ser256~Cys (Table 2), could be 
solved by molecular replacement and improved by a sim-
ulated annealing refinement at 2.6 A resolution. The 
resulting model shows a sulfate ion at the putative bind-
ing position for the substrate phosphoryl group (see 
below) and has density for all 468 residues. 
Form B crystals could only be obtained with mutant 
Ser256~Cys, which showed full catalytic activity 
(1,4-dithiothreitol was present). This mutant usually 
yielded wedge-like form B crystals and only rarely hang-
ing drops containing exclusively rod-like (form A) 
crystals, which seemed to grow under the same condi-
tions. The form B model now explains this riddle as the 
electron density shows an intermolecular disulfide bridge 
formed by the newly introduced Cys256. As all Ser256 
residues are far away from each other in crystal form A, it 
is clear that the disulfide bridge of crystal form B. which 
is on a crystallographic twofold axis, must be formed 
before crystallization. Obviously, the rare crystallization 
Table 2. Present state of the structural refinements. 
Crystal form A· Bt 
Space group P21 C2221 
Cell dimensions, a (A) 60.5 104.0 
brA) 83.2 179.6 
c (A) 105.7 60.6 
(3 (0) 93.7 
Resolution range (A) 10-2.3 10-2.6 
Number of unique reflections 36241 14397 
Completeness (%) 79 82 
Rsym 6.9 9.6 
Number of located non-H atoms 7446* 3839§ 
Crystallographic R factor (%) 20.3 20.3 
Free R factor (%)- 28.2 31.8 
Rms bond length deviation (A) 0.014 0.010 
Rms bond angle deviation (0) 1.8 1.6 
Rms B factor difference" 
along a bond (A2) 1.5 (2.2) 1.9 (2.5) 
along an angle (A2) 2.3 (3.2) 2.5 (3.8) 
NCS parameters w, 4>, K (0) 21,90,179 
NCS translation (A) -0.2 
·Observed with wild-type and rarely with mutant 
Ser256--+Cys. tObserved only with mutant Ser256--+Cys. *The 
numbers for molecule I and II are 3715 and 3731, 
respectively. §The refinement includes one sulfate ion. 
*The free R factor refers to a random sample comprising 5% of 
all reflections, the crystallographic R factor refers to the rest. 
··Values for main-chain atoms are given with those for side-
chain atoms in parentheses. 
of the mutant in form A . occurred before oxidation. A 
derivative of such a form A crystal was crucial for the 
structure analysis (Table 1). 
Model quality 
The current model consists of all 3839 non-hydrogen 
atoms in form B, and fewer (per molecule) in form A 
which lacks the two loops without density and the 
sulfate. Neither of the models, as yet, includes water 
molecules. For both crystal forms the refinements show 
current R factors of about 20% with free R factors [13] 
of around 30% with good geometry and tightened B fac-
tor variation (Table 2), indicating that the presented 
models are well founded. 
A check of the backbone conformation with the pro-
gram PROCHECK [14] showed that 86% of all non-
glycine and non-proline residues have their (<\>,1\1) angles 
in the most favored regions of the Ramachandran plot. 
The non-crystallographic symmetry (NCS)-related mol-
ecules I and II of form A have a root mean square (rms) 
deviation of 0.3 A for Ca atoms and 0.8 A for all atoms. 
The rms Ca deviations between form A (molecules I 
and II) and B are both 0.5 A, indicating that the errors 
are in the usual range. Further refinement is in ·progress. 
. 
Chain fold 
The chain fold of PGALase is illustrated in Figure 1. Sec-
ondary structure elements were assigned according to the 
common .hydrogen bond criteria (length :53.5 A, 
N-H"'O angle ~OO) using molecule I of crystal form A. 
We refrain from stating them in detail before the refine-
ment is finalized but the locations can be seen in Fig-
ure 2. The core of the protein consists of a ([30:)8 barrel, 
an abundant motif that was fir t observed in triosephos-
phate isomerase [15] . The barrel consists of [3 strands 
b,c,d,eJ,h,m,n connected to 0: helices C,E,HJ,L,O,P,Q, 
as sketched in Figure 1a. The other helices should be 
considered as additional. The N-terminal end of the 
barrel deviates only once from the ideal short-looped 
([30:) fold, namely where the two helices M and are 
inserted between Land h. In contrast, the C-terminal 
end of the barrel contains a total of seven additional 
helices and two inserted [3 sheets. The and C termini 
(a) 
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of the protein are close to each other, forming a short, 
anti parallel, [3 sheet. 
The additional helices A,B,D,F,C,I,K and the three- and 
five-stranded [3 sheets protrude about 20 A beyond the 
C-terminal end of the barrel. As the active center i at 
the same end of the barrel, it is completely buried by this 
additional mass of polypeptide. The five-stranded [3 sheet 
consists of strand g (a continuation of barrel strand j) run-
ning parallel to the Greek key motif formed by strands 
iJ·,k,l. This [3 sheet lies perpendicular to the barrel axi 
and closes the C-terminal end of the barrel along with 
the two loops, one connecting strand j with k and the 
other joining strand I with helix 0 (Fig. 1a) . 
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These two loops have no density in crystal form A and 
therefore no defined conformation. Access to the active 
center appears to depend on these loops being mobile (see 
below). The loops border the five-stranded ~ sheet (Fig. 
1a). The intrinsic strength of the ~ sheet provides a stable 
scaffold and prevents the mobile loops from 'softening' the 
chain parts connected to them. Most members of family 1 
[6,7] have a deletion of 5-18 residues in this chain seg-
ment and therefore probably have a different construction. 
A similar, but single, mobile loop has been reported for 
the active center of triose phosphate isomerase [16]. 
Structure prediction 
PGALase was used as a target for a structure prediction 
contest organized by J Moult (Rockville, USA). One of 
the participating groups has recently published its sec-
ondary structure prediction [17J. Among the 23 sec-
ondary structure elements predicted, 18 fitted an 
appropriate counterpart of the 35 elements in Figure la, 
and 5 were wrong. On a per-residue basis, the group 
assigned 162 of the 274 residues in 0: helices and 
~ strands correctly and they assigned 53 residues incor-
rectly. Consequently, this particular prediction is not bet-
ter than the result of the first secondary structure 
prediction contest some time ago [18J. According to 
J Moult (personal communication), however, the general 
outcome of the contest showed a marked improvement 
when compared with early attempts. 
Active center 
Glu375 of PGALase has been identified as a catalytically 
competent residue because the mutations Glu375~Gln 
in S. aureus [9J and Glu375~Cys in L. lactis abolish cat-
alytic activity. Furthermore, the corresponding residue, 
Glu358, of the ~-glucosidase from Agrobacterium sp. has 
been found to bind a substrate analog covalently [8], 
indicating more specifically that it is the nucleophile of 
the reaction and that it possibly forms a covalent inter-
mediate [19,20]. A corresponding covalent bond has also 
been observed between Glu375 of PGALase from 
S. au reus and a substrate analog [21]. 
Spatially adjacent to Glu375 is Glu160. Their carboxy-
lates point towards each other with a minimum distance 
of 3.5 A between two oxygen atoms (Figs 2,3). Further-
more, the mutant Glu 160~Gln of PGALase from 
Fig. 2. Stereoview of the Ca backbone 
of 6-phospho-~-galactosidase in crystal 
form B. The view is from the C-terminal 
end of the (~a)8 barrel. The active cen-
ter is marked by Glu160, Glu375 and 
the bound sulfate, which is at the puta-
tive position of the substrate phosphate. 
The two mobile loops that have no 
defined position in crystal form A (with-
out bound sulfate) are given as dashed 
lines. The active center is not accessible 
to the substrate in this crystal form B 
(see text). See Figure 3 for another view 
of the active center. 
S. aureus shows an approximately 1000-fold slower 
hydrolysis rate of o-nitrophenyl-~-galactose-6-phosphate 
than the wild-type enzyme [9J, demonstrating the inti-
mate involvement of Glu160 in catalysis. Both Glu375 
and Glu 160 are located at the C-terminal end of the bar-
rel, near to the center of the enzyme (Fig. 1c). This is in 
agreement with the observation that all enzymes with 
(~0:)8 barrels have their catalytic center at the C-terminal 
end of the barrel [22J. 
According to their catalytic mechanisms, glucosidases can 
be separated into two classes. One class retains the 
anomeric configuration of the substrate during catalysis 
and may form a covalently bound intermediate with it. 
The other operates via direct displacement by water, 
resulting in an inversion of the anomeric configuration 
[23]. The distance between the catalytic carboxylate oxy-
gens of retaining enzymes is about 5 A [24J, which is sig-
nificantly smaller than the 9 A average of inverting 
enzymes [24J. The short distance between the catalytic 
residues Glu160 and Glu375 of PGALase thus agrees 
with the fact that this is a retaining enzyme. 
The region around the catalytic center is depicted in 
Figure 3. Hydrolysis occurs close to Glu160 and Glu375. 
Nearby are residues Gln19, Arg72 (hydrogen bonded to 
Glu375) and His116, which are strictly conserved within 
family 1 (when considering the complete and available 
sequences of 18 family members assigned by Henrissat 
and Bairoch [7]) and are therefore likely to contribute to 
catalysis. Typical glycoside-binding residues include 
Tyr299, Trp421 and Trp429, and these are all well placed 
for binding the disaccharide substrate (Fig. 3). Of these, 
Tyr299 and Trp421 are strictly conserved, whereas ' 
Trp429 is present in the phosphogalactosidases and in all 
other enzymes of family 1 except for the family 1 phos-
phoglucosidases where it is an alanine. Apparently, nature 
decided on a different approach to binding the phospho-
glucose epimer, as the phosphoglucosidases are the only 
enzymes showing the Trp429~Ala exchange in addition 
to having an extra residue inserted nearby in this gener-
ally well conserved part of the chain. ' 
The bound sulfate (Fig. 3) has only been observed in 
crystal form B. It is located at a distance of about 10 A 
from the carboxylates of Glu160 and Glu375, across the 
Fig. 3. Stereoview of crystal form B 
showing the active-center residues 
and bou nd sulfate, with the 2F o-F c 
electron density contoured at 1 (T . 
Depicted are residues Gin 19, Arg72, 
Hisl16, Phel17, Asn159, Glu160, 
Tyr299, Glu375, Trp421, Ser428, 
Trp429-Ser430-Asn431 , Lys435, Tyr437 
and the bound sulfate marking the sub-
strate phosphate position . For clarity, 
Asn297 binding to Glu160 and Glu375 
is not shown. In some members of gly-
cosidase family 1, Asn297 is exchanged 
for a seri ne. 
putative substrate-binding cavity, and thus is likely to 
occupy the site of the sub trate phosphoryl group. The 
sulfate binds to the side chains of the five re idues in seg-
42 SAL To 437 h . d ' ment er -x- er- sn-x-x-x- ys-X-.l yr t at are m 1-
cated by names and shown in Figure 3. Among the e, 
Ser428, Lys435 and Tyr437 are conserved in all phospho-
glycosidases of family 1, while er430 and Asn431 vary. 
Most conspicuously, in all other members of family 1, 
glutamate and phenylalanine replace er428 and Tyr437. 
respectively (wi th the exception of f3-glucosida e b from 
Microbispora bispora), confirming that the sulfate marks the 
phosphate si te (a glutamate repel a pho phate) . 
The active center i in a cavity clo e to the molecular 
center (Fig. 1 b). This cavity can be reached through a 
narrow channel with a length of about 20 A. In crystal 
form B th e channel mouth at the molecular urface is 
very mall and e sentially formed by polypeptide back-
bone with crystallographic S factors in the normal range, 
precluding a further opening. The molecular surface 
leaves an en trance with an elliptical cr 5s-section of about 
4 A by 6 A (a spheri ca l probe of 4 .5 A diameter, rolling 
over the surface, dr p into the channel, whereas a 5 A 
pr be remain outside 125]) . iven thIS geometry, it 
seems highly unlikely that the ubstrate or the product. 
gala tose-6-phosphate, can permeate through thIS 
mouth . The crysta l form B model IS therefore lIkely to 
represent the conformation 0 the eJ17yme when the ub-
strate is bound. This sugge tlon IS orroborated by the 
fact that this model c ntains ulfate at the putative mb-
strate phosphate posmon. 
I n contra t, the channel mouth I WIde open in b th 
mole ules f crysta l form A, where no sulfate I bound 
and tw I ps linIng tim entrance , re InVISIble In the 
ell' tron-density map and there re mobIlc . Ac ordll1gly, 
the form A m del is uggested to represent the confor-
mati n in whl h the enzyme pIck up the ub tr<lte for 
ataly IS. he suggested role of the mobIle I op IS further 
su pported by the mutatl n Thr343 _y (produ ed fI r 
M IR.), at the enter 0 one the tw mobIle loops, 
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which results in an activity 250-fold lower than the wild-
type (1,4-clithiothreitol was present). Apparently, thi sub-
stitu tion prevented the loop from functioning properly. 
It should be mentioned that in all molecules of both 
crystal forms the channel entrance region participates in 
crystal contacts. Accordingly, there IS no solid foundation 
to the attractive idea that the bound ulfate (equating to 
the sub trate pho phate), located close to the two loop. 
determines the mobility of the e loops. It remains clear, 
however, that in pite of their fixed conformation 111 
cry tal form B, the e loop have the potential to be 
mobile, because crystal packing contacts are generally 
weak and therefore are unlikely to cramble- part of a 
neighbonng molecule if these were not Intnnsically 
, oft'. onsequently, mobile loops in crystal form A indi-
cate that the e chain segment are Intrin ically labIle. 
Structura l relation hip to other prote in 
Sa ed on sequence homologle, the glycosidases have 
been grouped into 45 famIlies 16.71. P ,ALase belongs to 
family I, to which 20 enzymes have been a Igned [7]. A. 
sequence alIgnment IdentIfies rather cl sely related pr -
teins. It 1l11phe that all member of a family have almost 
Identical chain fI Ids, the only dIfference bemg additional 
features at Imertions l deletions . Accordlllgly, the reported 
cham fold of PGA La e ca n be afely used t model all 
other famIly members . 
Beyond the sequence-ba\ed groUplllg 111[0 famihe , more 
dl tant rei.ltlon hip can be detected by chJ11l -fold compar-
ISOns . Along the e lll1e It ha been deduced that famIlIes 2, 
1 () and 17 are related, can t!tutlllg the 417-superfalllil , 
became all three cOllta111 a (f30: ) barrel WIth catalytically 
ompetellt glutamates , t the .-tenl11nal elld~ f the fI urth 
and eventh f3 trands 1261 . It 1m been further uggested 
th ,ll the 417- uperfamii al~o 111c1ude\ fall1lhe~ I and 5 
because theIr catalytIC glutamate'i, together with urroulld-
lllg re\ldue\, fit the \equellce pattern 1261 . We can now 
confirm thl uggestion (or f.1mIly 1. Indeed, thIS (anul ' 
'ontall1\ ,1 (f3O: )K barreL WIth the proton donor, CluI6() , 
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and the nucleophile, Glu375, at the expected positions on 
the fourth and seventh strands, respectively. 
Family 13, as represented by cyclodextrin glycosyltrans-
ferase, is a very likely candidate for an additional 
417-superfamily member. This enzyme contains all the 
necessary characteristics [27]: the (l3a)g barrel, one car-
boxylate (Asp229) at the end of the fourth 13 strand of 
the barrel and one (Asp328) at the end of the seventh 
strand. Both carboxylates participate in catalysis; their 
detailed roles are not yet clarified [28]. Family 13 also 
contains a-amylases [29-32]. The aforementioned char-
acteristics are also present in l3-amylases [33,34], repre-
senting family 14, (L Holm and C Sander, personal 
communication). Consequently, family 14 also belongs 
to the 417-superfamily although it inverts the anomeric 
configuration of the substrate in contrast to the other 
members that are retaining. The membership of this 
superfamily by families 2, 13 and 14 has also been dis-
cussed by Jenkins et al. [26]. 
In order to quantify the relationships between families 1, 
2, 10, 13, 14 and 17, we took one member of each family 
(except family 2 [35], for which no coordinates are avail-
able) and superimposed them pairwise on their 13 barrels. 
Applying a 3 A cut-off, the number of remaining equiva-
lent Ca atoms can be taken as a measure for structural, 
and thus evolutionary, relatedness (Table 3). On this basis, 
we find that family 1 and family 14, which have equiva-
lent Ca atoms throughout the common (l3a)g barrel 
(except for helix L; Fig. la) and beyond, are the ones that 
are the most closely related. Somewhat further apart from 
these is family 10, and even further, family 17. The most 
distant relative is family 13. Although the equivalenced 
segments belong, for the most part, to the ubiquitous 
(l3a)g barrels, they still indicate structural similarity, and 
the degree of similarity can be translated into evolution-
ary distance when assuming divergent evolution. Given 
the functional relationship as glycosidases, as well as the 
identical locations of catalytic residues at the C termini of 
the fourth and seventh 13 barrel strands, we suggest that all 
Table 3. Structural relationships within the 4/7-superfamily of 
glycosidases (26). 
Family 14· tOt 17* 13§ 
l' 178 (1.8) 153 (1.8) 146 (1.6) 110(1.9) 
14 152 (1.8) 122 (1.7) 111(1.9) 
10 100 (1.7) 111 (2.0) 
17 94(2.0) 
The chain folds of families 1, 10, 13, 14 and 17 are compared 
by superimposing the f3 barrels and extending this 
superposition as far as possible to adjacent chain segments. 
The number of equivalenced Co atoms at a 3 A cut-off are 
given, with the corresponding rms ACo values (in A) in 
parentheses. The families are ordered by relatedness. 
*f3-amylase from soybean (33). +f3-1,4-glycanase Cex from 
Cellulomonas fimi (48). * 1 ,3-f3-glucanase from barley [49). 
§Cyclodextrin glycosyltransferase from Bacillus circulans [27). 
'6-phospho-f3-galactosidase from Lactococcus lactis. 
members of the 417 superfamily did indeed arise by 
divergent evolution from a common ancestor. 
Biological implications 
Glycosidases split specific glycosidic bonds. The 
enzyme 6-phospho-ll-galactosidase (PGALase) 
belongs to glycosidase family 1, which is one of 
over 45 glycosidase families established by 
sequence comparisons. PGALase hydrolyzes 
6-phospholactose, the product of the phosp~o­
enolpyruvate-dependent phospho transferase sys-
tem, into glucose and 6-phospho-ll-galactose. 
This system of lactose uptake is found in 
homofermentative bacteria such as Lactobacilli, 
Lactococci and Staphylococci. 
PGALase contains a (lla)8 barrel (TIM barrel), 
which is a rather common structural feature for 
proteins. In PGALase, this barrel forms the 
structural basis for a much larger single domain 
protein, with the barrel comprising a mere 55% 
of all residues, whereas the other 45% form 
insertions that are dispersed all over the polypep-
tide chain. 
Like all other (lla)8 barrel enzymes, PGALase has 
its active center at the C-terminal end of the bar-
rel. Glycosidases require two critical residues for 
their activity, which act as a general acid/base and 
the other as a nucleophile/leaving group. The 
PGALase structural data locate the active center 
clearly, as the two, chemically identified, catalytic 
glutamates (Glu160 and Glu37S) are in a cavity 
lined by tryptophans and tyrosines, which are 
both frequently observed at glycoside-binding 
sites. Moreover, the site of the phosphate group 
on the bound substrate is marked on the enzyme 
by a bound sulfate and a region of amino acids 
that is conserved within family 1, all of these 
being located appropriately with respect to the 
catalytically competent glutamates. A comparison 
between the two crystal structures reported here 
showed two loops, a total of about 14 residues, 
that apparently open for substrate access to (and 
product release from) the active center and close 
over the bound substrate. 
This three-dimensional structure determination 
can be extended to all members of family 1. As 
judged from its chain fold and the location of the 
crucial catalytic glutamates at the C termini of the 
fourth and seventh Il strands of the (lla)8 barrel, 
PGALase, and with it the whole of family 1, also 
belongs to a superfamily of glycosidases, which 
now comprises six clearly assigned (1, 2', 10, 13, 14, 
17) and one suggested (5) family. We propose that 
this superfamily connects a large number of gly-
cosidases having a common evolutionary origin. 
Materials and methods 
Expression and purification 
For crystallization we used a recombinant enzyme. The lacG 
gene of L. lactis had been cloned in plasmid pPlc28 under the 
control of the lambda PL promoter [36]. The resulting 
expression plasmid, pNZ316, was kindly provided by 
W de Vos (Wageningen, Netherlands). E. coli strain AHIATrp 
[37] was used as a host for expression. The enzyme was 
produced at a rate of about 30% of the soluble E. foli protein. It 
was purified by ion-exchange chromatography, fractionized 
ammonium sulfate precipitation, hydrophobic-interaction 
chromatography and gel filtration. The purification procedure 
required three weeks and yielded about 100 mg of pure 
protein per liter of culture. 
Mutagenesis 
As no second heavy-atom derivative could be obtained with 
the wild-type enzyme, we introduced cysteines at four 
positions in the polypeptide chain. The mutation sites were 
planned using secondary structure predictions and surface 
probability plots provided by program PEPTIDE-
STRUCTURE (HUSAR, DKFZ Heidelberg, Germany). For 
mutagenesis, the lacG gene was cloned in bacteriophage 
M 13mp 19, and the Eckstein method of mutagenesis was used 
[38], giving high yields. Mutations were confirmed by 
sequencing the respective DNA in M13mp19 and the result-
ing genes were expressed in the same system as the wild-type. 
The purification was carried out in the presence of 
l,4-dithiothreitol in order to prevent oxidation and possible 
oligomerization. 
Crystallization 
Crystals were grown by vapor diffusion using the hanging drop 
method. The crystallization buffer contained 2(1-30% 
polyethylene glycol 4000, 0.1 M Tris at pH 6.7-8.0, 0.2 M 
Li2S04 and 0.02% NaN3 and was used as the reservoir, for 
crystal mounting and storage. The protein was stored in 0.1 M 
potassium phosphate buffer. It was dialyzed for 2 h against 
0.1 M Tris buffer and adjusted to a concentration of 
12 mg rnI-l . The drops contained a 1:1 mixture of crystalliza-
tion buffer and protein solution, giving a total volume of 5 !-LI. 
Rod-like crystals of the wild-type enzyme appeared within five 
days and reached maximum sizes of 1000 x 100 x 60 !-Lm3 after 
four weeks. They diffracted to 2.0 A resolution under synchro-
tron radiation (EMBL outstation at DESY, Hamburg, Ger-
many) and to 2.3 A using a rotating anode. The crystals contain 
two molecules per asymmetric unit and 50% solvent; they were 
named 'form A' (Table 2). 
In contrast to the wild-type enzyme, the mutant Ser256-+Cys 
yielded wedge-like crystals that appeared within six days and 
grew to maximum sizes of 350 X 180 X 180 !-Lm3. They 
. diffracted to 2.5 A resolution on a rotating anode X-ray 
generator and were named 'form B'. Form B crystals contain 
one molecule per asymmetric unit and 53% solvent (Table 2). 
Very rarely, this mutant yielded rod-like form A crystals with 
a maximum size of 1000!-Lm x 60 !-Lm X 60!-Lm under 
presumably the same conditions. One of these crystals was 
used for producing a' heavy-atom derivative which became 
essential for the initial structure elucidation. Mutants 
Thr343-+Cys and Ser454-+Cys yielded no X-ray grade 
crystals and mutant Glu375-+Cys crystallized in a third crystal 
form named 'C'. 
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Data collection, phase determination and initial refinement 
Data collection was performed using a multiwire area detector 
(model X1000, Nicolet/Siemens) on a rotating anode (model 
RU200B, Rigaku). The data were processed using program 
XDS [39]. The crystals were rather stable in the X-ray beam, a 
data set with 36765 unique reflections to a resolution of 2.3 A 
being obtained from one form A crystal. One heavy-atom 
derivative with two sites (Cys103 and the NCS-related residue) 
was obtained by soaking native crystals for seven days with 
5 mM HgCl2 in crystallization buffer. A second derivative with 
three sites (Cys256, the NCS-related residue and a strongly 
occupied site at a crystal packing contact) was obtained after 
soaking one of the few form A crystals of mutant Ser256-+Cys 
for two days with 7 mM lead tartrate in crystallization buffer 
(Table 1). After refinement of the heavy-atom parameters, and 
calculating initial phases with program MLPHARE [40] at 
3.0 A resolution, a MIR electron-density map was calculated, 
but turned out to be largely uninterpretable. 
We therefore discarded the phases between 4 A and 3 A 
resolution and started a phase-extension procedure that 
combined solvent-flattening with electron-density modifica-
tion using PRISM [41] and SQUASH [42]. The resulting 3 A 
resolution map was generally uninterpretable, but revealed a 
couple of a helices. As we expected two molecules in the 
asymmetric unit, as judged from the crystal packing density, we 
sorted the a helices into two sets of three a helices each 
(a helices], N, 0; Fig. la). The sets of helices were related by 
NCS. This provided us with an initial NCS matrix as 
calculated with program 0 [43]. The corresponding molecular 
boundaries were first determined visually with the same map, 
but at a reduced resolution of 6 A. The density within these 
boundaries was interpreted as 'bones' with MAPMAN from 
the RAVE package [44]. Using MAMA [44], these bones were 
then taken to generate a mask, which in turn served to refine 
the initial NCS matrix with the program IMP [44]. Subsequent 
averaging was carried out with DM [45]. This procedure 
resulted in a dramatically improved 3 A resolution map which 
allowed us to fit the known polypeptide sequence [37]. All 
residues of both molecules could be assigned to densities, 
except for two loops (containing 15 residues in molecule I and 
13 in II) that had no density in either of the molecules. The 
model was subjected to an initial refinement using the 
simulated annealing option ofX-PLOR [46]. 
Crystal form B was then solved by molecular replacement 
using the program AMoRe [47]. The best solution had an 
R factor of 26.3% for.all reflections between 15 A and 3.5 A. 
In an F 0 -F c map the two missing loops of crystal form A could 
be placed into density. The resulting model was initially 
refined with the methods used for crystal form A. 
The coordinates of both models have been deposited with the 
Brookhaven Protein Data Bank . 
Note added in proof 
The crystal structure of a clover cyanogenic I)-glucosidase 
belonging to family 1 is also published in this issue of Structure 
(T Barrett, CG Suresh, SP Tolley, EJ Dodson & MA Hughes, 
Structure 3:951-960). 
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